Abstract | Oxygenic photosynthesis is the principal producer of both oxygen and organic matter on earth. The primary step in this process -the conversion of sunlight into chemical energy -is driven by four, multisubunit, membrane-protein complexes that are known as photosystem I, photosystem II, cytochrome b 6 f and F-ATPase. Structural insights into these complexes are now providing a framework for the exploration not only of energy and electron transfer, but also of the evolutionary forces that shaped the photosynthetic apparatus.
Oxygenic photosynthesis -the conversion of sunlight into chemical energy by plants, green algae and cyanobacteria -underpins the survival of virtually all higher life forms. The production of oxygen and the assimilation of carbon dioxide into organic matter determines, to a large extent, the composition of our atmosphere and provides all life forms with essential food and fuel. The study of the photosynthetic apparatus is a prime example of research that requires a combined effort between numerous disciplines, which include quantum mechanics, biophysics, biochemistry, molecular and structural biology, as well as physiology and ecology. The time courses that are measured in photosynthetic reactions range from femtoseconds to days, which again highlights the complexity of this process.
Plant photosynthesis is accomplished by a series of reactions that occur mainly, but not exclusively, in the chloroplast (BOX 1) . Initial biochemical studies showed that the chloroplast thylakoid membrane is capable of light-dependent water oxidation, NADP reduction and ATP formation 1 . Biochemical and biophysical studies [2] [3] [4] [5] [6] revealed that these reactions are catalysed by two separate photosystems (PSI and PSII) and an ATP synthase (F-ATPase): the latter produces ATP at the expense of the PROTONMOTIVE FORCE (pmf) that is formed by the light reaction. The cytochrome-b 6 f complex mediates electron transport between PSII and PSI and converts the redox energy into a high-energy intermediate (pmf) for ATP formation 7 .
After the invention of SDS-PAGE 8, 9 , the biochemical composition of the four multisubunit protein complexes began to be elucidated [10] [11] [12] [13] [14] . According to the partial reactions that they catalyse, PSII is defined as a water-plastoquinone oxidoreductase, the cytochrome-b 6 f complex as a plastoquinone-plastocyanin oxidoreductase, PSI as a plastocyanin-ferredoxin oxidoreductase and the F-ATPase as a pmf-driven ATP synthase 15 (FIG. 1) .
PSI and PSII contain chlorophylls and other pigments that harvest light and funnel its energy to a reaction centre. Energy that has been captured by the reaction centre induces the excitation of specialized reactioncentre chlorophylls (PRIMARY ELECTRON DONORS; a special chlorophyll pair in PSI), which initiates the translocation of an electron across the membrane through a chain of cofactors. Water, the electron donor for this process, is oxidized to O 2 and 4 protons by PSII. The electrons that have been extracted from water are shuttled through a quinone pool and the cytochrome-b 6 f complex to plastocyanin, a small, soluble, copper-containing protein 16 . Solar energy that has been absorbed by PSI induces the translocation of an electron from plastocyanin at the inner face of the membrane (thylakoid lumen) to ferredoxin on the opposite side (stroma; FIG. 1) . The reduced ferredoxin is subsequently used in numerous regulatory cycles and reactions, which include nitrate assimilation, fatty-acid desaturation and NADPH production. The CHARGE SEPARATION in PSI and PSII, together with the electron transfer through the cytochrome-b 6 f complex, leads to the Reaction-centre chlorophyll pairs (P 700 in PSI and P 680 in PSII) that are very different from antenna chlorophylls. When they receive light energy (from the antenna pigments), they generate a redoxactive chemical species. Excited P 680 * donates an electron to another component of PSII, then eventually to the cytochrome-b 6 f complex and to PSI. After donating the electron, P 680 + -the strongest oxidant in biology -is generated. P 700 * is the strongest reductant in biology. P 700 + accepts an electron from plastocyanin.
CHARGE SEPARATION
The process in which excited P 680 * and P 700 * donate their electrons to their respective acceptors to generate P 680 + and P 700 + , respectively.
ELECTROCHEMICAL POTENTIAL
Electrochemical potential is the sum of the chemical potential (concentration difference across the membrane) and the electrical potential (charge-concentration difference across the membrane).
QUANTUM YIELD
In a particular system, the number of defined electronic or chemical events that occur per photon absorbed.
QUANTA
Specific packets of electromagnetic energy (also known as photons). They have no mass, but they do have a momentum. Photosynthetic organisms capture the momentum of a photon and translate it into biological energy.
unimportant. However, the lost QUANTA can inflict damage on the photosynthetic complexes. In the less efficient PSII, one of the subunits, D1, is turned over so fast that its synthesis represents 50% of the total protein synthesis in chloroplasts, even though D1 actually represents onlỹ 0.1% of the total protein composition of chloroplasts 21, 22 . Knowledge of the structures of, and pigment distributions in, PSI and PSII should eventually help us to explain the differences in their quantum yields and the consequences of these differences. In the following sections, we review the contribution of recent structural data to our understanding of the architecture and function of oxygenic photosynthesis.
Photosystem II
The PSII reaction centre is composed of two similar 40-kDa proteins (D1 and D2), which each consist of 5 transmembrane helices, and these proteins coordinate both the manganese cluster of PSII and all of the electron-transfer components 23 (FIG. 2a) . Flanking the reaction centre are the intrinsic light-harvesting proteins CP43 and CP47, which each consist of 6 transmembrane helices and bind 14 and 16 chlorophyll-a molecules 24 , respectively. However, most of the chlorophylls that are associated with PSII are harboured in the extrinsic, peripheral light-harvesting complex II (LHCII) antenna complexes. These are trimers of the light-harvesting proteins Lhcb1, Lhcb2 and Lhcb3, although each trimer can contain different stoichiometries of these proteins. The Lhcb proteins have a similar structure, and harbour 12-14 chlorophyll-a and -b molecules and up to 4 CAROTENOIDS 25, 26 . The number of trimers that are associated with PSII varies with irradiance level. Energy transfer from LHCII to CP43/CP47 or D1/D2 is mediated by the minor light-harvesting proteins Lhcb6 (CP24), Lhcb5 (CP26) and Lhcb4 (CP29), each of which is similar to an LHCII monomer. The organization of the Lhcb proteins with the PSII reaction centre has been extensively studied using electron microscopy and several low-resolution models have been described 27, 28 . PSII catalyses a unique process of water oxidation and provides almost all of the earth's oxygen. Although some inorganic chemical reactions can do a similar job, these reactions are so violent that biological processes would not be able to tolerate them. The evolution of PSII was therefore absolutely crucial for the emergence and endurance of aerobic organisms. The mechanism of oxygen production involves the oxidation of two water molecules to make molecular oxygen (O 2 ) in a combined mechanism that requires the absorption of four light quanta. Two weakly coupled chlorophylls known as P 680 function as the primary electron donor (680 nm is the peak of the lowest-energy absorption band of P 680 ). After absorption of the first of the light quanta, an electron is translocated from P 680 through an accessory chlorophyll and a pheophytin molecule to the tightly bound quinone Q A , and this is followed by the reduction of a mobile quinone Q B (FIG. 2b) . The oxidized P 680 + , which has the highest REDOX POTENTIAL observed in a biological system (> 1 V), oxidizes a nearby tyrosine (Y Z ). Y Z then extracts formation of an ELECTROCHEMICAL-POTENTIAL gradient (the pmf), which powers ATP synthesis by the fourth protein complex, F-ATPase 17 . In the dark, CO 2 reduction to carbohydrates is fuelled by ATP and NADPH 18 . All of the four protein complexes that are necessary for the light-driven reactions of photosynthesis reside in the chloroplast, in a membrane continuum of flattened vesicles called thylakoids (FIG. 1a; see also the BOX 1 figure) . In higher plants, thylakoids are differentiated into two distinct membrane domains -the cylindrical stacked structures known as grana and the interconnecting single-membrane regions called stroma lamellae. The four membrane complexes that drive the light reaction are not evenly distributed throughout thylakoids: PSI localizes to the stroma lamellae and is segregated from PSII, which is almost exclusively found in the grana; F-ATPase concentrates mainly in the stroma lamellae, whereas the cytochrome-b 6 f complex preferentially populates the grana and the grana margins 19 (FIG. 1a) . The recent determination of the structures of these complexes -or in the case of F-ATPase, of a close homologue from mitochondria -completes the description of the architecture of energy transduction in oxygenic photosynthesis that has been sought for the past 50 years (FIG. 1b) . Here, we describe some of the functional implications that have emerged from these structures and discuss their importance in addressing key issues in photosynthetic research.
The two photosystems and electron transfer
As mentioned above, PSI and PSII contain numerous pigments that harvest light and funnel the excitation to the primary electron donors, which can reduce an electron acceptor and accept electrons from specific electron donors. The two photosystems therefore function as Einstein's photoelectric machines (BOX 2) , which have evolved to operate with a high QUANTUM YIELD that is unmatched by any biological or chemical system. However, although PSI operates with an almost perfect quantum yield of 1.0, PSII operates with a lower quantum yield of about 0.85 (REF. 20 ). Because sunlight is abundant, the difference in quantum yield seems Crystal structures of PSII from two different cyanobacteria have shed light on the location of the manganese cluster -or oxygen-evolving clusterand provided a coarse view of it 32, 33 . Recently, a higher resolution structure, aided by the analysis of the anomalous diffraction pattern of the occupied metal-binding sites, provided a more detailed description of the manganese cluster and assigned, for the first time, almost all of the amino-acid side chains involved 24 . Three manganese ions and one calcium ion form a cube-like cluster, in which the metal ions are bridged by four monooxygen atoms. One of these oxygens connects the cluster to a fourth manganese ion, which is designated Mn4 (FIG. 2b) . The latter is also linked to the calcium ion by a putative bicarbonate ion, which fits with the proposal that this anion is involved in manganese-cluster assembly. The 3 + 1 arrangement of the manganese ions -which agrees with EXAFS (extended, X-ray absorption, fine structure) measurements -and the proximity of the calcium ion to Mn4, support a model in which only one of the manganese ions, namely Mn4, binds a water molecule as a substrate and extracts electrons from it 24, 34, 35 . It was proposed that immediately before the formation of the O=O bond, the Mn4 ion becomes an electron (and perhaps a proton) from a cluster of four manganese ions, which binds two substrate water molecules and has a calcium ion, a chloride ion and a bicarbonate ion as necessary cofactors. After another photochemical cycle, the doubly reduced Q B (Q B 2-) takes up two protons from the stroma to form Q B H 2 and is released into the lipid bilayer to be replaced by an oxidized quinone from the membrane quinone pool. This pool consists of oxidized (PQ) and reduced (PQH 2 ) plastoquinones (plastoquinone, rather than quinone, is specified when it is the predominant quinone). After two more photochemical cycles, the manganese cluster is provided with a total of four oxidizing equivalents, which are used to oxidize two water molecules to produce O 2 . The manganese cluster is then reset to its initially reduced state, which is designated S 0 in the KOK-JOLIOT FIVE S-STATES reaction (S 0 -S 4 ). In the past, several mechanisms have been proposed to explain this oxygenproduction process, and numerous elegant experiments were carried out to further our understanding of it [29] [30] [31] . However, it was clear that only a complete description of the spatial distribution of the metal ions involved, as well as of their immediate environment, would allow the mechanism to be fully understood at the molecular level.
CAROTENOID
Any of a class of yellow to red pigments, which include carotenes and xanthophylls.
REDOX POTENTIAL
Redox potential is a measure (in volts) of the affinity of a substance for electrons. This value for each substance is compared to that for hydrogen, which is set arbitrarily at zero. Substances that are more strongly oxidizing than hydrogen have positive redox potentials (oxidizing agents), whereas substances that are more reducing than hydrogen have negative redox potentials (reducing agents).
KOK-JOLIOT FIVE S-STATES
The oxidation of water to oxygen occurs at the oxygenevolving complex/manganese cluster in photosystem II. This cluster cycles through five states (S 0 -S 4 ) during the oxidation process, and this cycle was discovered by Bessel Kok and Pierre Joliot about four decades ago. encode cytochrome-bc 1 subunits from mammals, birds, yeast and different bacteria indicated that they all evolved from a common ancestor, in which cytochrome b and the RIESKE IRON-SULPHUR PROTEIN were central. In addition, a c-type cytochrome is present in most of these cytochrome-bc 1 complexes or is found together with these complexes as a separate moiety 38 . All these cytochrome-bc 1 complexes are defined as plastoquinone-plastocyanin (or cytochrome c) oxidoreductases, and they generate a pmf force using a mechanism that is known as the Q CYCLE 39, 40 . In the chloroplast cytochrome-b 6 f complex (FIG. 3a) , the two-electron oxidation of a reduced quinone (PQH 2 ) that is bound at the lumenal Q o site results in the release of two protons to the aqueous lumen (FIG. 3b) . One electron is transferred from the reduced quinone to plastocyanin through a high-potential chain that consists of the Rieske iron-sulphur protein and cytochrome f; whereas the second electron is translocated across the membrane, through two haem groups (b L and b H ) of cytochrome b 6 , to reduce a quinone that is bound at the stromal Q i site. Following a second reduction event at the Q i site, two protons are taken up from the stroma at this site and the reduced quinone is released into the lipid bilayer to join the reduced quinone pool. Therefore, a pmf is formed across the membrane [39] [40] [41] . The crystal structures of dimeric cytochrome-bc 1 complexes from various sources highlighted two large central cavities in which the Q cycle operates and also showed that the Rieske protein must oscillate between its electron-donating site (Q o ) and its electron acceptor cytochrome c 1 , which equates to cytochrome f of the cytochrome-b 6 f complex [42] [43] [44] [45] . Each monomer of the dimeric cytochrome-b 6 f complex contains four large subunits (of 18-32 kDa) -that is, cytochrome f, cytochrome b 6 , the Rieske iron-sulphur protein and subunit IV -as well as four small highly oxidative, probably producing an Mn(V) state (REF. 24 ). The O=O bond might then be formed by a nucleophilic attack on the electron deficient Mn(V)=O by a second water molecule that is ligated to the nearby calcium ion, as proposed by Brudvig and colleagues 30 . The role of the other manganese ions is not fully understood, but they probably contribute to orientating the water molecules and stabilizing the cluster. An even higher-resolution structure is required to ascertain the validity of the proposed arrangement and the exact location of the bridging monooxygens, as well as to complete the partial list of ligands that must be coordinated by the metal ions. These probably include water and chloride ions (REF. 36 ), which are not present in the reported structure 24 . Only when we have an increased resolution, and perhaps structures of PSII that are locked in different S states, will a more complete understanding of arguably the most important chemical reaction on earth be possible.
When electron extraction from water is impaired (for example, under low-temperature conditions), the longer-lived P 680 + state might extract electrons from its surroundings and therefore cause damage. However, the structure of PSII supports the idea that, under such conditions, an electron might be donated to P 680 + by an alternative electron-transfer pathway that involves cytochrome b 559 , a carotenoid and a chlorophyll at the periphery of the reaction centre (FIG. 2b) , and perhaps several chlorophylls of the CP43 subunit. Electrons might be injected into this route by a quinone, which could result in a photoprotective cyclic pathway 37 .
The cytochrome-b 6 f complex
The isolation of the chloroplast cytochrome-b 6 f complex highlighted its similarity to the mitochondrial cytochrome-bc 1 complex 14 . Cloning the genes that
RIESKE IRON-SULPHUR PROTEIN
A subunit of the cytochrome-bc 1 and -b 6 f complexes that contains an iron-sulphur cluster.
Q CYCLE
The mechanism by which the cytochrome-bc 1 and -b 6 f complexes achieve their energy transduction to generate a protonmotive force.
CHLOROPHYLL TRIPLET
A chlorophyll with unpaired valence electrons. It can interact with molecular oxygen to form singlet oxygen. This, in turn, is a highly reactive molecule that might destruct nearby proteins or other biologically important molecules.
Box 2 | Photosystem I -an almost perfect 'Einstein photochemical machine'
Light seems to travel as either a wave or a particle, depending on how you happen to be looking at it. When it travels as a particle, the little particles of energy are called photons, and these little packets (quanta) of electromagnetic radiation have a measurable and known amount of energy, and also a wavelength. When a pigment molecule absorbs light energy, it is absorbing photons. This extra energy raises the energy level of the atomsthey get 'excited' and the electrons become more energized. According to Einstein's photoelectric law (that resulted in him being awarded the Nobel Prize for Physics in 1921), the absorption of one photon (hν) will excite one electron (e -) to a higher energy level, and the quantum yield of this process is 1.0 (for each absorbed photon, one electron will jump to a higher energy level; see figure, part a). In photosynthesis, the energized (or excited) electrons can move from the pigments to electron acceptors to provide energy for the photosynthetic process. Plant photosystem I (PSI) contains more than 200 pigments. Each of them could absorb a photon and the excitation could transitionally travel through several hundred pigments before it will elevate the energy level of a single electron in a special chlorophyll pair called P 700 . This process has an unprecedented quantum yield of nearly 1.0, so we define PSI as an almost perfect 'Einstein photochemical machine' (see figure, part b). This high quantum yield could not be achieved by any man-made assembly of pigments (see figure, part c). Understanding the mechanism of energy migration in PSI might, in the future, lead to the synthesis of a perfect, man-made Einstein photochemical machine. 49 . Remarkably, two cofactors of unknown function -chlorophyll-a and β-carotene -are also part of the cytochrome-b 6 f complex 49 (FIG. 3a) .
The crystal structures of the cytochrome-b 6 f complexes from Mastigocladus laminosus and Chlamydomonas reinhardtii indicate that they are dimers (FIG. 3) , the organizations of which are similar to that of cytochrome bc 1 . However, the extramembrane domains of cytochrome f and the Rieske protein, which lie on the lumenal side of the membrane, are shifted considerably in comparison to their counterparts in the cytochrome-bc 1 complex 46, 47 . Furthermore, PetG, PetL, PetM and PetN have no parallels in cytochrome-bc 1 . Conversely, helix H of cytochrome b and the small subunits su10, su7 and su11 of cytochrome bc 1 have no equivalents in the cytochrome-b 6 f complex. The small subunits of cytochrome b 6 f occupy a site that is partially filled with a specific lipid in cytochrome bc 1 , so they might therefore function as space fillers. The chlorophylla and β-carotene cofactors might have a similar space-filling function. The recent structure of the C. reinhardtii cytochrome-b 6 f complex now provides us with the opportunity to generate directed amino-acid substitutions that might address some of the intriguing questions that remain to be answered, such as why the chlorophylla cofactor does not fluoresce, and how photons that are absorbed by this chlorophyll are quenched without generating dangerous CHLOROPHYLL TRIPLETS.
The presence of a further haem group that is covalently bound to cytochrome b 6 is also puzzling 46, 47 . The extra haem is located at the stromal face between the b H haem group and the Q i site (FIG. 3) . The existence of this extra haem at a position that is accessible from the stroma gives credence to the idea that ferredoxin might be able to transfer electrons directly to an oxidized quinone at the Q i site of cytochrome b 6 f, as part of the process of cyclic photophosphorylation (FIG. 1b) . Cyclic photophosphorylation is an alternative electron-transfer pathway that, unlike the prevailing linear mode, does not involve PSII. In this process, a pmf is formed by electrons that flow from PSI through a quinone and the cytochrome-b 6 f complex back to PSI. No NADPH is formed in this pathway and its molecular basis and regulation are ill-defined.
The redox state of the quinone pool -that is, the proportion of reduced versus oxidized quinonesregulates both short-term and long-term responses to an imbalance in the activities of the two photosystems [50] [51] [52] [53] . The cytochrome-b 6 f complex functions as the sensor of this redox state and therefore has a key role in the acclimatization of the photosynthetic apparatus to the varying environment. In 'STATE TRANSITION', one of the short-term responses that is regulated by cytochrome b 6 f -the binding of PQH 2 to the Q o site -was shown to control the activation of a stromal kinase that probably carries the signal further through a cascade of kinases [54] [55] [56] . The most intriguing question in terms of the role of cytochrome b 6 f in this process is how the binding of the reduced quinone at the lumenal Q o site is conveyed to the stromal signal-transduction machinery. The chlorophyll in the cytochrome-b 6 f hydrophobic subunits (PetG, PetL, PetM and PetN). This leads to a dimer that has a molecular weight of 217 kDa (REFS 46, 47) . Cytochrome b 6 and subunit IV are homologous to the N-and C-terminal halves, respectively, of cytochrome b of the cytochrome-bc 1 complex. The Rieske iron-sulphur proteins of the cytochrome-b 6 f and cytochrome-bc 1 complexes are also similar 48 . However, the c-type cytochrome f of the cytochrome-b 6 f complex is unrelated to cytochrome c 1 of the bc 1 
STATE TRANSITION
A short-term response to light conditions, in which plants can differentially distribute light energy between photosystem I and photosystem II. It is thought to occur through the relocation of light-harvesting complex II between the two photosystems. PSI of higher plants is composed of two moieties: a reaction centre and the peripheral light-harvesting complex I (LHCI ; FIG. 4) . The reaction centre comprises 12-14 subunits that are denoted PsaA-PsaL, PsaN and PsaO. The PsaA-PsaB heterodimer forms the heart of PSI. It binds the P 700 special chlorophyll pair, which is where the lightdriven charge separation occurs, and it also includes the primary electron acceptors A 0 (chlorophyll-a), A 1 (phylloquinone) and F X (an Fe 4 -S 4 cluster ; FIG. 5 ). In addition, this heterodimer coordinates ~80 chlorophylls that function as an intrinsic light-harvesting antenna 58, 59 . The terminal components of the electron-transfer chain -that is, two further Fe 4 -S 4 clusters (F A and F B ) -are bound to PsaC. The rest of the subunits participate in the docking of ferredoxin (PsaC, PsaE and PsaD) and plastocyanin (PsaF), the association with LHCI (PsaK, PsaG, PsaJ and PsaF), the docking of LHCII (PsaI? PsaH and PsaL) and the maintenance of complex integrity, and they probably also have other functions 60 . Like all the other protein complexes that carry out oxygenic photosynthesis, PSI is present in cyanobacteria, algae and plants. The core of the PSI reaction centre is highly conserved in these organisms, and it is therefore assumed that a similar structure existed at the dawn of oxygenic photosynthesis more than three billion years ago 61 . As was shown by the crystal structures of cyanobacterial and plant PSI 59, 62 , the bulk of the reaction centre is built of two, homologous, large subunits (PsaA and PsaB) that harbour most of the PSI pigments and all of the cofactors that are involved in light-induced electron transfer from the special, tightly-coupled, chlorophyll pair (P 700 ) to the electron acceptor F X
59
. Therefore, a basic pseudo-twofold-symmetry structure dominates the central core of PSI 63 . The evolution of PSI was probably initiated over 3.5 billion years ago by the formation of a homodimeric reaction centre that is similar to the one found today in green bacteria 38, [64] [65] [66] [67] . Gene duplication probably generated a heterodimeric reaction centre that subsequently evolved into the PSI that is now found in cyanobacteria, and in the chloroplasts of algae and plants 63 . Oxygenic photosynthesis operates under vastly different conditions, which are dictated by the ecological niches that different organisms occupy. Whereas green algae and plants are mainly present on the surface of oceans and on land, cyanobacteria usually proliferate deep in oceans and other bodies of water. Consequently, they are protected from high light intensities and must compete for the dim light of their environment 68 . This has led to the formation of several specific light-harvesting complexes in cyanobacteria, such as phycobilisomes that absorb the green light that filters through the green algae on the surface. A life at low light intensities probably drove the formation of the trimeric PSI that is present in cyanobacteria 69, 70 . The plant PSI uses an extrinsic, peripheral lightharvesting membrane antenna (LHCI), and this antenna is composed of a modular arrangement of four light-harvesting chlorophyll-containing proteins complex 47 or conformational changes that result from the oscillation of the Rieske centre 57 were proposed to fulfill this task, but no clear answer has been obtained. The recent structures of the cytochrome-b 6 f complex should prove invaluable in helping to shed light on this issue. monomers attach to the reaction centre through relatively weak interactions that mainly involve stromal domains and through their association with the neighbouring monomer 62, 71 . So, the strongly bound Lhca1 or the Lhca1-Lhca4 dimer form an anchor point for the assembly and stability of Lhca. This mode of association between the reaction centre and LHCI, as well as the flexible binding between Lhca monomers, provides the structural basis that explains how the composition of LHCI might be dynamically altered as a function of light intensity or nutrient availability. Arabidopsis thaliana plants that are grown under different light intensities show sharp fluctuations in their Lhca2 and Lhca3 levels 72 . On the other hand, the level of Lhca4 is modified (drops sharply) only under high light intensities, and the amount of Lhca1 remains constant at all intensities. This flexible or modular nature of the LHCI antenna is probably essential to allow plants to adjust to varying light intensities 72, 73 . There are other important consequences of these modes of interaction 62 . Within the membrane, a 20-Å-wide cleft is formed between LHCI and the reaction centre. Most LHCI chlorophylls are 20-30 Å from the nearest reaction-centre chlorophyll, but there are two major and one minor 'contact regions' where much shorter inter-pigment distances are observed (10-15 Å). These regions might therefore represent preferred routes for energy flow from LHCI to the reaction centre 71, 74, 75 . Photosynthetic organisms have developed several mechanisms to cope with various stress conditions. A recently identified example is the formation of a large, transmembrane antenna complex -which is composed of 18 monomers of a CP43-like proteinaround the PSI trimer in cyanobacteria under irondeprivation conditions 76, 77 . Plants had to develop unique mechanisms to acclimatize to the varying environmental conditions on land. One such response to alterations in light properties -state transitioninvolves the rapid (within minutes) redistribution of absorbed energy between PSII and PSI. When excess light is captured by PSII, a subpopulation of LHCII trimers dissociates from PSII and associates with PSI 50, 51 . This response correlates with the activity of a kinase that phosphorylates LHCII, although the role of this phosophorylation is not yet clear 78, 79 . PSI that is defective in PsaH is deficient in state transition, and crosslinking studies have indicated that the docking site for LHCII is formed by the subunits PsaI, PsaL and PsaH 80, 81 (FIG. 4) .
The cyanobacterial PSI is trimeric both in vitro and in vivo. Disruption of PsaL in cyanobacterial PSI prevented trimer formation and the mutant cells showed reduced growth under low light intensities 69 . On the other hand, PSI of plants and algae is monomeric and its recently elucidated structure shows that this property is advantageous for its operation under fluctuating light intensities 62, 63 . The addition of PsaH (which is not present in cyanobacteria) and the truncation, in plants, of the trimer-forming domain of PsaL blocked the ability of plant and algae (Lhca1-Lhca4). The recently determined structure of plant PSI (FIGS 4, 5) showed that the four Lhca proteins assemble into two dimers that form a crescent-shaped belt that docks to the PsaF side of the reaction centre 62 . One of the striking features of this arrangement is that relatively weak interactions have a key role in establishing the LHCI belt and its association with the reaction centre (FIGS 4, 5) . Binding between the Lhca proteins does not involve any helix-helix interactions. Solventexposed N-and C-terminal tails protrude out of the main body of each Lhca monomer and attach to lumenal and stromal regions of the neighbouring monomer through relatively small binding surfaces. This creates a sort of head-to-tail arrangement, which maximizes the number of chlorophylls that face the reaction centre, but leaves large distances between the chlorophylls of neighbouring Lhca monomers 62, 71 . These distances are bridged by strategically positioned 'linker chlorophylls' between the Lhca monomers (FIG. 4) .
The association of LHCI with the reaction centre is asymmetric in the sense that only one monomer, Lhca1, binds tightly to the reaction centre, through a helix bundle that is formed with PsaG (FIG. 4) . The other Lhca Lhca1 pigment content. Perhaps even more striking is the fact that, in both photosystems, the electron-transfer components are arranged in two branches, in which pairs of cofactors are related by a pseudo-twofold-symmetry axis that is perpendicular to the membrane (FIGS 2b, 5b) . It therefore became clear that the two photosystems are derived from a common ancestor 38 . However, whereas PSII produces the strongest oxidizing potential in any biological system, the task of PSI is to supply the cell with strong reducing equivalents. Furthermore, in PSI, the last electron acceptor is an iron-sulphur protein that is oxidized and reduced by a single electron during every light cycle (FIG. 5b) . In PSII, this role is taken by a quinone that, after being reduced twice, takes up two protons from the stroma and dissociates from PSII (FIG. 2b) . So, although they share general design principles, the two photosystems must provide essentially different environments for their cofactors. This is evident in the chlorophyll content of the central domain. In PSI, nearly 50 chlorophylls are 20-30-Å away from the electron-transport chain and these chlorophylls might provide the special chlorophyll pair (P 700 ) with excitation energy 59, 62 . In sharp contrast, the central domain of PSII contains only two light-harvesting chlorophylls. This, and the fact that there are no protective carotenoids in the vicinity of P 680 , might be because PSI to form trimers, but enabled the binding of LHCII and therefore the state-transition response.
In addition to the structure of plant PSI, the structures of both its electron donor (plastocyanin) and acceptor (ferredoxin) have also been determined at relatively high resolutions 82, 83 , which gives a more complete picture of the charge-transfer mechanism of PSI. Moreover, the structure of the complex that is formed by ferredoxin-NADP reductase (which is known to be bound to PSI) and ferredoxin is also available 84 . FIGURE 5a depicts a model of a super-complex that contains PSI, plastocyanin and ferredoxin. Under certain conditions the reduced ferredoxin might leave its binding site to donate its electron directly to the cytochromeb 6 f complex and therefore facilitate ATP formation through cyclic phosphorylation (FIG. 1b) .
One of the conclusions that could immediately be drawn from the published structures of PSI and PSII is that -as was predicted before 85 -they share fundamental architectural features 38 . The central C-terminal domains of PsaA and PsaB in PSI, which harbour the initial electron-transfer components (from P 700 to F X ), show the same helical arrangement that is observed for D1 and D2 of PSII. Similarly, the N termini of PsaA and PsaB resemble the intrinsic light-harvesting subunits of PSII (CP43 and CP47) in sequence, structure and the rotation of which is prevented by the stator (stationary) subunits I and II. Therefore, a complete cycle of the rotor yields three ATP molecules. The structure of the central stalk of an intact F 1 -domain has recently been determined to a high resolution 90 , and the structure of the yeast F 1 -domain attached to a ring of 10 c-subunits has also been solved to 3.9-Å resolution 91 . The close contact between the γ-and ε-subunits and the c-ring supports the idea that this central stalk and the c-ring form the rotary ensemble of the ATPase motor. Models for rotation of the stalk have been proposed in which the ring of c-subunits rotates past a fixed a-subunit (subunit IV in chloroplasts) 92, 93 . FIGURE 6 depicts a model for the structure of the chloroplast F-ATPase that was assembled from crystal structures of partial complexes of the mitochondrial F-ATPase 88, 90, 91 . The chloroplast F-ATPase resembles that of mitochondria, but shows significant unique features. Recent structural data from yeast 93 and plants 94 indicate that there are 10 and 14 c/III-subunits per F-ATPase complex, respectively. This has come as a surprise, as it was widely anticipated that the number of c/III-subunits would be fixed and would probably be 12 (REF. 95 ). The finding that the number of c/III-subunits is not divisible by three indicates of the devastatingly high potential that is produced by P 680 , which might oxidize any pigments in its proximity 24 . These differences are manifested in the fact that there is no sequence similarity between D1-D2 and the core domain of PsaA-PsaB, despite the structural resemblance. The relatively low quantum yield of PSII might be mostly due to this lack of chlorophylls in the core domain, and also due to features that are common to reaction centres that have a mobile quinone as their last acceptor. Another fundamental difference between PSI and PSII lies in the fact that, in PSII, only one of the electron-transfer branches is active, whereas electrons are translocated by both branches in PSI, albeit at different rates 86 (FIGS 2b,5b). PSII cannot use this bidirectional electron transfer, as it would take longer, on average, for the same quinone to be reduced twice, and would therefore increase the risk of back transfer from a singly reduced quinone to P 680 . The structure of the cyanobacterial PSI revealed several features that might account for the uneven electron-transfer rate along the two branches 59 . However, the structural features that are responsible for this phenomenon need to be confirmed, and the biological advantages that this confers need to be determined.
The ATP synthase (F-ATPase)
ATP synthase (F-ATPase) is ubiquitously found on energy-transducing membranes, such as chloroplast thylakoid membranes, mitochondrial inner membranes and bacterial plasma membranes. In cyanobacteria and the chloroplasts of algae and plants, this enzyme catalyses ATP synthesis using a transmembrane pmf that is generated by the photosynthetic electron-transport chain 15 . The general structural features of the chloroplast F-ATPase are highly conserved, and its structure and mechanism are similar to those of bacterial and mitochondrial F-ATPases 87 . The enzyme is a multisubunit complex with distinct stromal and transmembrane regions that are known as CF 1 and CF 0 , respectively, and it represents a molecular motor that is driven by a pmf. Proton movement through CF 0 is coupled to ATP synthesis/hydrolysis at sites in the β-subunits of CF 1 . In chloroplasts, CF 0 contains four subunits I, II, III and IV in a probable stoichiometry of 1:1:14:1. The 14 III subunits form a ring-like structure that is equivalent to the c-ring of other F-ATPases 15 . The whole CF 0 -CF 1 complex is thought to function as a rotary proton-driven motor, in which the stationary subunits are I, II, IV, δ, α and β, and the rotary subunits are III (c), γ and ε (FIG. 6) .
The crystal structure of the bovine mitochondrial F 1 -ATPase showed an alternating arrangement of three α-subunits and three β-subunits around the central, helical, coiled-coil γ-subunit 88 . The structure strongly supported the binding-change mechanism that was proposed by Boyer 89 , which is a mechanism that involves alternating conformational changes in the nucleotide-binding sites of the catalytic β-subunits. The binding of protons to the c-subunit drives the rotation of the c-ring and the central stalk (γ-and ε-subunits) that is physically attached to the ring. The rotation of the stalk induces alternating conformational changes in the nucleotide-binding sites of the catalytic β-subunits, So, in addition to supplying the energy for ATP synthesis, the pmf is necessary to activate the chloroplast F-ATPase 15 . The activity of the enzyme is controlled by a process called thiol modulation, which activates the enzyme in the presence of light through the reduction of a specific disulphide bridge that is located in the γ-subunit 15 . In the available F 1 structure, the domain of the γ-subunit that contains this bond is not well resolved, so there is no clear understanding of the mechanism of thiol modulation in the chloroplast FATPase. In vivo, the γ-subunit reduction is achieved by a thioredoxin that uses electrons that have been diverted from PSI 102, 103 . The presence of the ε-subunit affects the binding of thioredoxin 104 , and thioredoxin binding to isolated CF 1 causes the release of the ε-subunit 105 . As the ε-subunit was shown to be involved in regulating the ATPase activity of CF 1 (REF. 106 ), and as it is in close contact with the γ-subunit, the oxidation or reduction of a γ-subunit thiol might change the position of the ε-subunit. So, under oxidizing conditions (in the dark), the movement of the rotary section (γ-subunit) might be restricted by the ε-subunit, such that the ATPase activity of the enzyme is blocked. However, in the presence of light, the pmf build-up and the increased redox potential -which cause the accumulation of reduced thioredoxin and therefore γ-subunit thiol modulation -might result in the movement of the ε-subunit to a position that no longer inhibits the activity of the enzyme. However, a three-dimensional structure of the chloroplast F-ATPase is needed to allow us to fully understand the fine differences between this enzyme and its mitochondrial counterpart.
The grand design of photosynthesis
Their lack of motility means that plants need to be able to adjust biochemically to a highly dynamic environment that has variations in temperature, light properties and the availability of essential nutrients. It is remarkable that the activity and composition of the photosynthetic apparatus and its acclimatization to the fluctuating environment is self-regulated -the products and intermediate metabolites of photosynthesis, through feedback and feed-forward loops, control the operation of both the light and dark reactions 107 . We feel that the photosynthetic process therefore provides a unique opportunity for a comprehensive interdisciplinary approach. Photosynthesis is perhaps the only key biological process in which the activity of most of the participating protein complexes can be measured using non-invasive methods and for which the structures of these complexes are known at medium-to-high resolution. We therefore believe that photosynthesis is about to enter a new era, in which understanding how the possible routes for energy flow are balanced, especially under real conditions, becomes the new 'Holy Grail' . One of the key ways that this goal might be achieved is through the characterization and structural determination of supercomplexes that might transiently form in the thylakoid membrane (for example, PSI-cytochrome-b 6 f, that the number of protons that are translocated through the membrane per ATP produced is not an integer and is species specific. So, in yeast mitochondria, 10/3 = 3.3 protons are required for the formation of one ATP molecule and, in chloroplasts, 14/3 = 4.6 protons are needed 91, 94 . The discovery that there are 14 c/III-subunits in CF 0 of F-ATPase might also finally resolve the long-standing debate that concerns the importance of the in vivo cyclic phosphorylation that supplies the CALVIN CYCLE with extra ATP 96 . The assimilation of carbon dioxide by the Calvin cycle requires an ATP:NADPH ratio of 3:2. Formerly, it was calculated that the 4 electrons that are extracted from water produce 2 NADPH molecules and pump 12 protons across the membrane, which would then drive one full cycle of the F-ATPase to yield the required 3 ATP molecules. This calculation is no longer valid in view of the 14 c/III-subunits in the CF 0 ring. An alternative pathway, with no net electron transfer, must therefore supply the two extra protons that are needed. Cyclic electron transfer around PSI is the most probable candidate for this pathway 96 . This idea is given credence by the recent finding that PSI absorbs ~20% more photons than PSII 97 . Therefore, the surplus quanta must be used by alternative pathways, notably, cyclic phosphorylation. Moreover, in the specialized tissues (for example, the bundle sheath) of certain plants such as maize, cyclic phosphorylation comprises nearly the entire photosynthetic process, as there is almost no PSII present (for a review, see REF. 16 ).
In addition to allowing the synthesis of the necessary ATP, the ∆pH that is formed by cyclic phosphorylation might have an important role in protection against the possible damages of high light intensities that exceed the capacity of the reaction centres 98 . Under high light intensities, the build-up of a ∆pH across the thylakoid membrane by the prevailing linear electron-transfer pathway triggers, within minutes, a process that switches the PSII antenna into a quenching state, such that most of the absorbed energy is dissipated as heat by a process that is known as non-photochemical quenching (NPQ; REFS 99, 100) . The resulting downregulation of PSII, and therefore of linear electron transfer, means that cyclic electron transfer around PSI is now needed both to accept the electrons that keep coming from PSI and to maintain the ∆pH and the NPQ process that are protecting PSII. A mutant that is defective in cyclic electron transfer was indeed shown to be deficient in NPQ and it showed elevated fluorescence levels under high light intensities 98 . This higher fluorescence level, which indicates that a smaller proportion of the excess light was dissipated as heat, was used to isolate the mutant. Recently, it was shown that complete elimination of the cyclic electron-transfer pathway around PSI severely impairs the photoautotrophic capability of higher plants 101 . The fact that photosynthesis was impaired even under low light intensities indicates that the main role of cyclic phosphorylation is to provide sufficient ATP and to adjust the ATP:NADPH ratio in the stroma.
The unique features of the chloroplast F-ATPase are the 14-subunit c/III-ring of CF 0 and its activation by light, which occurs through the thioredoxin-mediated CALVIN 
CYCLE
The Calvin cycle is a metabolic pathway that occurs in the stroma of chloroplasts, in which carbon enters in the form of CO 2 and leaves in the form of sugar. The cycle uses ATP as an energy source and NADPH as a reducing agent.
(such as cryo-electron tomography, atomic-force microscopy, two-dimensional gels, high-throughput yeast two-hybrid systems and protein chips). The research of photosynthesis will therefore remain firmly at the forefront of biological sciences for some time to come. PSI-LHCII and others). X-ray crystallography and electron-microscopy methods would complement one another in elucidating the architecture of these assemblies. The results obtained by using these methods could be synergistically combined with new methods for mapping the ultrastructure of the thylakoid 
